.
47
Complex multicellular development in fungi has been subject to surprisingly few 48 studies [3] [4] [5] [6] , resulting in a paucity of information on the genetic underpinnings of the independent 49 origins of complex multicellularity in fungi 7 . As complex multicellular structures, fruiting bodies 50 deploy mechanisms for hypha-to-hypha adhesion, communication, cell differentiation, defense 51 and execute a developmental program that results in a genetically determined shape and 52 size 6, 7 . Fruiting bodies shelter and protect reproductive cells and facilitate spore dispersal. 53
Uniquely, complex multicellularity in fungi comprises short-lived reproductive organs whereas in 54 animals and plants it comprises the reproducing individual. Nevertheless, fruiting bodies evolved 55 complexity levels comparable to that of simple animals, with up to 30 morphologically 56 distinguishable cell types described so far. Fruiting body development is triggered by changing 57 environmental variables (e.g. nutrient availability), and involves a transition from simple 58 multicellular hyphae to a complex multicellular fruiting body initial. The initial follows genetically 59 encoded programs to develop species-specific morphologies 5, 6 , which in the Agaricomycetes 60 ranges from simple crust-like forms (e.g. Phanerochaete) to the most complex toadstools (e.g. We obtained fruiting bodies in the laboratory or from the field and profiled gene expression in 3-76 9 developmental stages and tissue types for Coprinopsis cinerea AmutBmut, Schizophyllum 77 commune H4-8, Phanerochaete chrysosporium RP78, Rickenella mellea SZMC22713 and 78
Lentinus tigrinus RLG9953-sp. We used data for Armillaria ostoyae C18/9 from our previous 79 work 16 . We report the de novo draft genome of Rickenella mellea (Hymenochaetales), the 80 phylogenetically most distant species from Coprinopsis in our dataset, spanning >200 million 81 years of evolution 1 . To construct a reference atlas of mushroom development, we performed 82 poly(A)+ RNA-Seq on Illumina platforms, in triplicates (totalling to >120 libraries, Supplementary 83 Table 1 ). We obtained an average of 60.8 million reads per sample, of which on average 83.3% 84 mapped to the genomes ( Supplementary Fig 1) . Fig. 3 ). 119
To obtain a higher resolution of developmental events, we arranged developmentally 120 regulated genes into co-expression modules using the Short Time Series Expression Miner 121 (STEM)
18
. Developmentally regulated genes grouped into 28-40 modules, except 122
Phanerochaete which had eleven. The largest modules in all species contained genes 123 expressed at fruiting body initiation or in early primordia and genes with tissue-specific 124 expression peaks, in young fruiting body caps, gills, stipes, mature fruiting bodies and stipes or 125 caps (Fig 1/c ; for further data see Supplementary Fig. 4 Table 7) . We graphically depict only 27 modules with >50 150 genes (refer to Supplementary Fig. 4 for the complete list and data for other species , suggesting a role in fruiting body 236 development. In addition, developmental expression of two alginate lyase-like families (Table 1)  237 were shared by 6 species and that of a β-glucuronidase (GH79_1) was shared by 4 species 238 (Armillaria, Coprinopsis, Rickenella and Lentinus). While the targets of these families in fruiting 239 bodies are currently unknown, their conserved expression pattern suggests roles in 240 polysaccharide metabolism during development 36 . Comparison across 201 genomes revealed 241 that 24 of these families have undergone expansions in the Agaricomycetes (Table 1,  242  Supplementary Table 3 ). In summary, CAZymes might be responsible for producing fruiting 243 body-specific FCW architectures, confer adhesive properties to neighboring hyphae or plasticity 244 for growth by cell expansion. We, therefore, suggest that FCW remodeling comprises one of the 245 foundations of the transition to complex multicellularity during the life cycle of fungi. 246 A significant fraction of conserved developmentally regulated genes carry extracellular 247 secretion signals and were predicted to be glycosylphosphatidylinositol (GPI) anchored (Fig 3/a,  248 Supplementary Fig. 9 ). These include diverse FCW-active proteins, such as laccases (AA1), 249 glucanases (GH5, GH16, Kre9/Knh1 family), chitooligosaccharide deacethylases, but also 250 lectins, A1 aspartic peptidases and sedolisins, among others (Supplementary stage-specific expression peaks (Fig. 4, Supplementary Fig. 12 ). These gene families are also 296 strongly overrepresented in the genomes of mushroom-forming fungi compared to related 297 filamentous fungi and yeasts (Fig 4/a) . For example, while yeasts and filamentous fungi possess 298 ~20 and 60-90 F-box proteins 45 , respectively, mushroom-forming fungi have 67-1,199 copies 299 (mean: 274), comparable to the numbers seen in higher plants 46 and resulting predominantly 300 from recent tandem duplications (Fig. 4/b, Supplementary Fig. 13 ). They mostly showed a single 301 peak in expression and many of them were upregulated at fruiting body initiation or in caps, gills 302 and stipes (Fig 4/c) .The numbers of developmentally regulated F-box, RING-type zinc-finger 303 and BTB/POZ domain containing genes found in the six species show a good correlation with 304 fruiting body complexity but a poor correlation with the number of expressed genes (Fig 4/d) , 305 suggesting a link between the expansion of these genes and the evolution of complex fruiting 306 body morphologies. These genes define the target specificity of E3 ubiquitin ligases 45, 47 , which 307 enables a tight regulation of selective proteolysis during development 46 . Fig. 14 ). These were dominated by C2H2 and 344
Zn(2)C6 fungal type, fungal trans and homeodomain-like TFs (Fig 5/a) . Although transcription 345 factor families were usually not conserved, we found 5 TF families that contained 346 developmentally regulated genes from 5 or 6 species (Supplementary ) relative to other fungal groups. 366
A kinase co-expression network revealed tissue specificity as the main driver of network 367 topology (Fig 5/c-d) , with most kinases showing an expression peak late in development. 368
Kinases with early expression peaks are mostly highly expressed through multiple stages, 369 resembling early expressed modules of Coprinopsis (Fig. 1/c, Supplementary Fig. 15 ). Many 370 CAMK family members showed expression peaks in cap and gill tissues. However, overlaying 371 the network with classification shows no general enrichment of any family in developmental 372 stages or tissues (Fig 5/d- . We catalogued eleven families of 387 defense effector proteins and their expression to assess the conservation of the defensive 388 arsenal of Agaricomycetes. Genomes of mushroom-forming fungi harbor highly species-specific 389 combinations of defense-related genes encoding pore-forming toxins, cerato-platanins, lectins 390 and copsins, among others, with most of them being developmentally expressed and 391 upregulated at fruiting body initiation ( Supplementary Fig 16) . Of the eleven families only three 392 were conserved, and only one (thaumatins) was developmentally regulated in all six species, 393 which can display either endoglucanase or antimicrobial activity, depending on the structure of 394 the mature protein.
In silico structure prediction identified an acidic cleft in fruiting body 395 expressed thaumatins ( Supplementary Fig 16) Vegetative mycelia of Lentinus tigrinus RLP-9953-sp were maintained on MEA (20 g 499 malt extract, 0.5 g yeast extract, 15 g agar for 1L). For fruiting a mycelial plug was placed (5 mm 500 diameter) on modified sawdust-rice bran medium 67 (1 part wheat bran and 2 parts aspen 501 sawdust wetted to 65% moisture for 100 ml in a 250 ml beaker). The culture was incubated for 502 21 days at 30 °C in the dark, then placed in a moist growth chamber at 25 °C in a 12/12 hour 503 light/dark cycle. Vegetative mycelia, stage 1 primordia, stage 2 primordia cap and stipe, young 504 fruiting body cap and stipe and fruiting body cap and stipe tissues were harvested for RNA-Seq. 505
Stage 1 primordium was defined as a 5-20 mm tall white stalk-structure without any 506 differentiation of a cap initial, stage 2 primordium was defined as a 15 -25 mm tall stalk-like 507 structure with a brown apical pigmentation (cap initial), young fruiting body had and up to 5 mm 508 wide brown cap initial with just barely visible gills on the bottom, growing on a 30-40 mm tall 509 stipe, fruiting body was 50-70 mm tall, with fully flattened (but not funnel-shaped) cap. 510
Phanerochaete chrysosporium RP-78 was fruited on YMPG media (10 g glucose, 10 g 511 malt extract, 2 g peptone, 2 g yeast extract, 1 g asparagine, 2 g KH2PO4, 1 g MgSO4 x 7 H2O, 512 20 g agar for 1L with 1 mg thiamine added after cooling) covered with cellophane for 7 days at 513 37 °C in the dark, then placed in a moist growth chamber at 25 °C in an area with dimmed 514 ambient light conditions, following the recommendations of Jill Gaskell (US Forest Products 515
Laboratory, Washington, D. C., USA). Vegetative mycelium, young fruiting body and fruiting 516 body stages were harvested for RNA extraction. Young fruiting body stage was defined as 517 fruiting body initials that forms a compact mat well-delimited from the surrounding vegetative 518 mycelium, while the fruiting bodies were harvested just after they started releasing spores 519 (visible on the lids of Petri dishes). 520
Rickenella mellea SZMC22713 was cultured on Fries Agar 68 for harvesting vegetative 521 mycelium for RNA and DNA extraction. DNA for genome sequencing was extracted using the 522
Blood & Cell Culture DNA Maxi Kit (Qiagen) from 300 mg finely ground mycelium powder 523 according to the manufacturer's instructions. The internal transcribed spacer region was PCR 524 amplified and sequenced to verify strain identity. For RNA-Seq, fruiting body stages were 525 collected in November 2016 from Kistelek, Hungary (approx. coordinates: 46.546309, 526
19.954507). Stage 1 primordium was defined as an approximately 1 mm tall, shaft-like, pear-527 shaped structure, without any visible cap initial, stage 2 primordium was described as a 2-3 mm 528 tall structure with a small cap initial, young fruiting body was defined by the 5-15 mm tall 529 structure with a 1-2 mm wide cap, and the fruiting body was characterized by a fully expanded 530 cap on the top of a 20-32 mm tall stipe. 531
Data for Armillaria ostoyae C18/19 were taken from our previous study 16 , with the 532 following stages defined: vegetative mycelium, stage 1 primordium, stage 2 primordium cap and 533 stipe, young fruiting body cap and stipe, and fruiting body cap, stipe and gills. 534
For RNA extraction all samples were immediately placed on liquid nitrogen after 535
harvesting and stored at -80 °C until use. Frozen tissues were weighed and 10-20 mg of C. 536 cinerea, S. commune, P. chrysosporium and R. mellea and 50-75 mg of L. tigrinus were 537 transferred to a pre-chilled mortar and ground to a fine powder using liquid nitrogen. We 538 extracted RNA of C. cinerea, S. commune, P. chrysosporium and R. mellea using the Quick-539 RNA TM Miniprep (Zymo Research), or the RNeasy Midi Kit (QIAGEN) for L. tigrinus. Both of the 540 kits were used according to the manufacturer's instructions. 541 542
De novo draft genome for Rickenella mellea 543
The genome and transcriptome of Rickenella mellea were sequenced using Illumina platform. 544
The genomes were sequenced as pairs of Illumina standard and Nextera long mate-pair (LMP) 545 libraries. For the Illumina Regular Fragment library, 100 ng of DNA was sheared to 300 bp using 546 the Covaris LE220 and size selected using SPRI beads (Beckman Coulter). The fragments 547
were treated with end-repair, A-tailing, and ligation of Illumina compatible adapters (IDT, Inc) 548 using the KAPA-Illumina library creation kit (KAPA biosystems). 549
For the Illumina Regular Long-mate Pair library (LMP), 5 ug of DNA was sheared using 550 the Covaris g-TUBE(TM) and gel size selected for 4 kb. The sheared DNA was treated with end 551 repair and ligated with biotinylated adapters containing loxP. The adapter ligated DNA 552 fragments were circularized via recombination by a Cre excision reaction (NEB). The 553 circularized DNA templates were then randomly sheared using the Covaris LE220 (Covaris). 554
The sheared fragments were treated with end repair and A-tailing using the KAPA-Illumina 555 library creation kit (KAPA biosystems) followed by immobilization of mate pair fragments on 556 streptavidin beads (Invitrogen). Illumina compatible adapters (IDT, Inc) were ligated to the mate 557 pair fragments and 8 cycles of PCR was used to enrich for the final library (KAPA Biosystems). 558
Stranded cDNA libraries were generated using the Illumina Truseq Stranded RNA LT kit. 559 mRNA was purified from 1 µg of total RNA using magnetic beads containing poly-T oligos. 560 mRNA was fragmented and reversed transcribed using random hexamers and SSII (Invitrogen) 561 followed by second strand synthesis. The fragmented cDNA was treated with end-pair, A-tailing, 562 adapter ligation, and 8 cycles of PCR. 563
The prepared libraries were quantified using KAPA Biosystem's next-generation 564 sequencing library qPCR kit and run on a Roche LightCycler 480 real-time PCR instrument. The 565 quantified libraries were then multiplexed with other libraries, and the pool of libraries was then 566 prepared for sequencing on the Illumina HiSeq sequencing platform utilizing a TruSeq paired-567 end cluster kit, v4, and Illumina's cBot instrument to generate a clustered flow cell for 568 sequencing. Sequencing of the flow cell was performed on the Illumina HiSeq2500 sequencer 569 using HiSeq TruSeq SBS sequencing kits, v4, following a 2x150 indexed run recipe (2x100bp 570 for LMP). 571
Genomic reads from both libraries were QC filtered for artifact/process contamination 572 and assembled together with AllPathsLG v. R49403
69
. Illumina reads of stranded RNA-seq data 573 were used as input for de novo assembly of RNA contigs, assembled into consensus 574 sequences using Rnnotator (v. 3.4)
70
. Both genomes were annotated using the JGI Annotation 575
Pipeline and made available via the JGI fungal portal MycoCosm
71
. Genome assemblies and 576 annotation were also deposited at DDBJ/EMBL/GenBank under the accession XXXXX (TO BE 577 PROVIDED UPON PUBLICATION). 578 579
RNA-Seq 580
Whole transcriptome sequencing was performed using the TrueSeq RNA Library Preparation Kit 581 v2 (Illumina) according to the manufacturer's instructions. Briefly, RNA quality and quantity 582 measurements were performed using RNA ScreenTape and Reagents on TapeStation (all from 583 Agilent) and Qubit (ThermoFisher); only high quality (RIN >8.0) total RNA samples were 584 processed. Next, RNA was DNaseI (ThermoFisher) treated and the mRNA was purified and 585 fragmented. First strand cDNA synthesis was performed using SuperScript II (ThermoFisher) 586 followed by second strand cDNA synthesis, end repair, 3'-end adenylation, adapter ligation and 587 PCR amplification. All of the purification steps were performed using AmPureXP Beads 588 (Backman Coulter). Final libraries were quality checked using D1000 ScreenTape and 589
Reagents on TapeStation (all from Agilent). . Paired-end Illumina (HiSeq, NextSeq) 597 reads were quality trimmed using the CLC Genomics Workbench tool version 9.5.2 (CLC 598 Bio/Qiagen) removing ambiguous nucleotides as well as any low quality read end parts. Quality 599 cutoff value (error probability) was set to 0.05, corresponding to a Phred score of 13. Trimmed 600 reads containing at least 40 bases were mapped using the RNA-Seq Analysis 2.1 package in 601 CLC requiring at least 80% sequence identity over at least 80% of the read lengths; strand 602 specificity was omitted. List of reference sequences is provided as Supplementary table 1.  603 Reads with less than 30 equally scoring mapping positions were mapped to all possible 604 locations while reads with more than 30 potential mapping positions were considered as 605 uninformative repeat reads and were removed from the analysis. 606 "Total gene read" RNA-Seq count data was imported from CLC into R version 3.0.2. 607
Genes were filtered based on their expression levels keeping only those features that were 608 detected by at least five mapped reads in at least 25% of the samples included in the study. 609
Subsequently, "calcNormFactors" from "edgeR" version 3. Only families that are developmentally regulated in 5 or 6 species are shown (except GH79). Conservation of the 1003 developmental regulation is given as the number of species in which a given family is developmentally regulated
1004
followed by the name(s) of species in which ther ewere no developmentally regulated members. Gene family
1005
expansion in the Agaricomycetes was tested by a Fisher exact test, and considered significant at P < 0.05. For the
